In order to determine the spatial extension and the characteristics of permafrost within alpine talus slopes, two sites located in the western part of the Swiss Alps were studied using borehole drilling and electrical resistivity tomography (ERT) profiles. Three boreholes were drilled along an upslope-downslope transect in both talus slopes. In both sites, frozen sediments are present only in the two lowest boreholes, whereas the upper borehole does not present ice. This stratigraphy is confirmed by ground temperatures registered in the boreholes. In each site, three upslope-downslope ERT profiles were crossed with five, respectively four horizontal ERT profiles. All the upslope-downslope profiles show a difference in resistivities between the upper and lower parts of the slope, where a large resistive body with values higher than 35 kΩm is present. In the uppermost part of the profiles, the resistivities are lower than 10-15 kΩm. The borehole data allowed the stratigraphy obtained from the ERT inverted profiles to be validated, with regards to the distribution of frozen sediments as well as the depth of the detected structures. The results confirm that, in the two studied sites, permafrost is present in the lower sections of the talus slopes, whereas it is absent in the upper parts. Finally, the analysis of the talus structure showed that the permafrost stratigraphy, and in particular the ice content, may be an important element of interpretation of the palaeoclimatic significance of an alpine talus slope.
Introduction
Within the framework of scientific research related to the geomorphological and climatic evolution of the Alps during Lateglacial and Holocene, little interest has been accorded to the study of alpine periglacial sedimentary terrains (in particular, rock glaciers and talus slopes), in contrast to the climatic and environmental changes documented from botanical and zoological proxies (e.g. Burga and Perret, 1998) , glacier-length variations (e.g. Jörin et al., 2006) and solifluction and landslide activity changes (e.g. Frenzel, 1993; Borgatti and Soldati, 2010) . In recent decades, the most important part of alpine periglacial field studies focused on the structure, dynamics and age of rock glaciers (e.g. Barsch, 1996; Haeberli et al., 2006) . However, talus slopes are one of the most common landforms in many mountain environments. Several geomorphological and sedimentological studies have focused on their morphology, structure and origin (e.g. Francou, 1988; van Steijn et al., 2002; Sass, 2006) , but little research has focused on the permafrost distribution and stratigraphy within talus slopes (e.g. Lütschg et al., 2004; Lambiel and Pieracci, 2008; Phillips et al., 2009) or on the palaeoclimatic significance of their ice content (e.g. Francou, 1977; Berthling et al., 2000) .
Various techniques have been applied to investigate the permafrost distribution and structure in alpine talus slopes, focusing on thermal measurements and 1D and 2D geophysical prospecting (e.g. Haeberli, 1975; Otto and Sass, 2006; Lambiel and Pieracci, 2008; . However, due to the restricted drilling possibilities, only a few studies have focused on the verification of geophysical models of the permafrost distribution by direct in situ measurements and observations at depth (e.g. Phillips, 2000; Delaloye, 2004; Lütschg et al., 2004) .
One of the earliest pioneer studies on permafrost distribution in alpine talus slopes was carried out by Haeberli (1975) at the Flüela Pass (2380 masl), in the Eastern Swiss Alps.
Prospecting with refraction seismic soundings showed that frozen sediments were present in the lower part of the slope and absent in the upper part. Recent studies carried out in other regions of the Swiss Alps focused on the controlling factors and confirmed the heterogeneity of permafrost distribution in talus slopes (e.g. Lerjen et al., 2003; Lütschg et al., 2004; Delaloye and Lambiel, 2005; Lambiel, 2006; Lambiel and Pieracci, 2008; Pieracci et al., 2008; Phillips et al., 2009; . Due to the lack of in situ evidence, there is, nevertheless, a paucity of studies focusing on the stratigraphy of periglacial talus slopes (e.g. Berthling et al., 2000; Otto and Sass, 2006; Sass, 2006 , Scapozza et al., 2010a .
The aim of the present study was to examine the local permafrost distribution in two alpine talus slopes of the western Swiss Alps and to study its stratigraphy and extension. In order to fulfil this objective, direct information was collected by analysing borehole stratigraphy and by recording temperature measurements and pictures in boreholes. The understanding of the lateral extension of the prospected structures was made possible by recording electrical resistivity tomography (ERT) data.
Study area and site characteristics
The two talus slopes studied are located in the western part of the Swiss Alps (Canton of Valais, in the Verbier and Arolla areas), on the southern side of the Rhone valley (Fig. 1A) . The region is included in the Penninic and Austroalpine tectonic domains. The southern side of the Rhone river valley is characterised by a relatively dry climate. At 2500 masl, the calculated mean annual precipitation is approximately 1500 mm, whereas the extrapolated mean annual air temperature (MAAT) is about − 1°C (Reynard, 1999) . According to Lambiel and Reynard (2001) , the potential minimal altitude of discontinuous permafrost in the region ranges between about 2400 masl for northern orientations and about 2700 masl for southern orientations. Two periglacial talus slopes were investigated: (1) a large slope with complex morphology (Les Attelas talus slope, Verbier area, 46°06 N, 7°17 E, Figs. 1B and 2A) and (2) a talus cone-protalus rampart sequence situated above a relict rock glacier (Petit Mont Rouge talus slope, Arolla area, 46°01 N, 7°27 E, Figs. 1C and 2B).
In this paper, according to the descriptions and considerations proposed by Barsch (1969 Barsch ( , 1996 , Haeberli (1985) and Lambiel and Pieracci (2008) , the term "protalus rampart" is used to define small permafrost creep phenomena (embryonal active talus rock glaciers) in contrast to the definition of protalus rampart as a nivation ridge proposed by Ballantyne and Benn (1994) and Shakesby (1997) .
Les Attelas talus slope
The Les Attelas talus slope is a cone-shaped landform composed of micaschists with amphibolites and paragneiss (in particular sericitechlorite schists). The average inclination of the talus is 29°. It is located between 2620 and 2800 masl on the west-facing flank of the Mont Gelé (3023 masl) (Fig. 1B) . On the upper section of the slope, dominated by a 200 m high rock wall, the fine to medium sized debris cover, composed of small boulders (b30 cm) and cobbles in a pebble matrix, is affected by solifluction processes. The resulting lobes are partially covered by vegetation (alpine meadow). The middle section, situated at the base of the solifluction lobes, contains medium sized boulders (30 to 50 cm) and cobbles, in a matrix of fine-grained debris, which are often covered with very scarce vegetation. The lower section, completely lacking in vascular plants, is made up exclusively of decimetre-to metre-sized boulders. The size of the clasts increases downslope, where gravel and sand are absent on the surface.
Small creeping lobes suggest the presence of frozen sediments supersaturated in ice at the base of the slope. In the southern part of the slope, these lobes are coalescent with a small rock glacier, probably inactive (Lambiel, 2006) . The limited motion of the entire slope has been confirmed by differential GPS surveys and terrestrial laser scanning (F. Riff and C. Lambiel, unpublished data). In the lower part of the slope, the original morphology of the talus has been disturbed by two sections of a road and by significant work carried out to level the ski runs ( Fig. 2A) . This work has almost entirely levelled the lowest part of the slope and the rock glaciers and morainic cover situated downslope of it. The permafrost distribution and the thermal regime of the talus slope were investigated with geoelectrical and thermal methods by Lambiel (2006) and Lambiel and Pieracci (2008) , which concluded that permafrost is probably present only in the lower half of the slope. The Attelas study site is part of the Swiss permafrost monitoring network PERMOS (PERMOS, 2010).
Petit Mont Rouge talus slope
The Petit Mont Rouge talus slope is located on the eastern flank of the Petit Mont Rouge peak (2928 masl), at elevations comprised between 2600 and 2700 m (Fig. 1C) . This small landform (about 200 × 200 m) is situated underneath a 200 m high rock wall and presents a rectilinear slope with an average angle of 31°. The lithology of the site is composed of metamorphic dolomites, in part alternating with limestones and marls. Debris size increases downslope, with pebbles (b4 cm) and sand in the upper part; small cobbles (b10 cm), pebbles and sand in the middle part; and very small boulders (b24 cm), cobbles and pebbles in the lower part. A lobate protalus rampart about 10 m thick with a steep (about 35°), pebbly and sandy front occupies the base of northern part of the slope. The protalus rampart surface and the lower part of the talus above it are made up exclusively of decimetre-to metre-sized boulders. Fine material and vegetation are completely absent on the protalus rampart surface and boulders are poorly covered by lichen. Differential GPS measurements showed that maximal horizontal velocities are 5-8 cm a −1 (unpublished data). The talus cone-protalus rampart sequence dominates a 220-m long rock glacier, completely covered by alpine meadow and presenting large thermokarstic depressions, which indicate that it is probably relict. Vertical electrical soundings, apparent resistivity profiles, BTS measurements and ground surface temperature monitoring showed that the presence of frozen sediments is probable in the protalus rampart and in the lower part of the talus slope and improbable upslope (Delaloye and Lambiel, 2005; Lambiel, 2006; Lambiel and Pieracci, 2008) .
Methods

Borehole drilling and temperatures
Borehole drilling is the only reliable method to determine the strata within the body of permafrost and to monitor the temporal evolution of subsurface temperatures. Many scientific boreholes have been drilled in alpine regions to study permafrost conditions, in particular within rock glaciers (e.g. Vonder Mühll, 1996; Haeberli et al., 2006) , talus slopes (e.g. Delaloye, 2004; Lütschg et al., 2004) , frozen moraines (e.g. Lambiel, 2006) and bedrock (e.g. Harris et al., 2003) . The three main difficulties of drilling in a talus slope, where the subsurface is composed of inhomogeneous media, containing a range of materials including large boulders, pebbles, cobbles, fines and interstitial ice, are the penetration through the terrain, the removal of the drilled material (because of the changing porosity of the talus) and the stabilization of the borehole wall (cf. Mellor and Sellmann, 1975; Arenson et al., 2002) .
Six boreholes were drilled for this study (Fig. 1D ,E). During drilling, boreholes were flushed with chilled compressed air, and no liquids were used. When it was not necessary to stabilize the borehole wall (for the three boreholes drilled in the Les Attelas talus slope, normally from a depth of 5-6 m), the internal structure of the holes could be observed using a hand-made borehole camera. Other information about the borehole structure came from the field experience of the drilling team and from observations of the characteristics of the expulsed materials. As the boreholes were drilled destructively and not cored, it was not possible to quantify the volumetric ice content of the ground. Only a qualitative estimation (low or high content of ice) was established on the basis of the nature of the expulsed materials.
The boreholes were equipped with PVC access tubes. Chains of 12 individually calibrated thermistors (MADD Technologies Sàrl, with an accuracy of ±0.1°C), connected with a Multi-MADD data logger, were installed in each tube. Temperatures were measured every two hours at an increasing downhole depth interval. The data loggers were enclosed in a concrete shaft in order to protect them from rockfall, avalanches and lightning. The temperature data presented here was measured for the hydrological year 2008/2009 for the Les Attelas talus slope, and in October 2009 for the Petit Mont Rouge site.
Electrical resistivity tomography (ERT)
Electrical resistivity is a physical parameter which is very sensitive to the transition from unfrozen to frozen ice-rich sediments, to the increase of ice content and to the decrease of temperatures below 0°C (Scott et al., 1990; Kneisel et al., 2008) . For this reason, the application of 2D electrical resistivity tomography (ERT) in mountain permafrost studies constitutes one of the most common geophysical methods for the prospecting of alpine periglacial landforms, such as rock glaciers, talus slopes and icecored moraines (e.g. Hauck et al., 2003; Marescot et al., 2003; Hilbich et al., 2009) . ERT measurements were conducted by applying an electric current into the ground, measuring its intensity with two current electrodes and measuring the resulting difference of potential with two other electrodes. The resulting apparent resistivity (ρ a , in Ωm) was calculated by using the ratio between the difference of potential (ΔV) and the electric current (I) multiplied by a k-factor that depends on the geometry of the electrode array and the topography. For a half-space, the k-factor can be evaluated analytically (Marescot et al., 2006) .
The surveys were undertaken using a multi-electrode system connected to a resistivity meter, a switching unit and one to three electrode cables (with 24 electrodes per cable), depending on the length of the prospected structures. A Wenner-Schlumberger electrode array was used, with an inter-electrode spacing of 4 m. The WennerSchlumberger array is a hybrid between the Wenner and Schlumberger arrays and is moderately sensitive to both horizontal and vertical structures (Marescot et al., 2003) . Depending on the number of electrodes (24, 48 or 72), the resulting profiles are 92, 188 and 284 m long. The current was injected into the ground using 30 to 60 cm steel stakes, placed as deep as possible. Where large boulders were present at the surface, sponges soaked in salt water were used in order to improve galvanic coupling. Finally, the location of the electrodes was measured with a differential GPS.
The measurements were carried out using a SYSCAL Pro Switch system (Iris Instruments). The inversion of the apparent resistivity data to reconstruct the subsurface structures was performed using the 2D inversion program RES2DINV (Loke and Barker, 1996) , using a finite-element calculation for the forward problem and including the topography in the data processing using a distorted finite-element mesh (Loke, 2000) . For the ERT profiles perpendicular to the slope, it was necessary to correct the depths, because the inversion results were not projected on the vertical axis but perpendicular to the slope angle. In this case, a projection of the inverted ERT profile was necessary to calculate the vertical depth of the detected layers. The projection was calculated using the equation:
where H (m) is the calculated depth of the inverted ERT profile projected on the vertical axis, Z (m) is the depth of the inverted ERT profile and α (°) is the angle between the ground surface and the horizontal axis (corresponding to the angle between the ERT inversion result and the vertical axis).
Results and interpretation
4.1. Borehole stratigraphy 4.1.1. Les Attelas talus slope Three boreholes were drilled along an upslope-downslope transect in the Les Attelas talus slope in September 2008 (Figs. 1B and 2A) . The borehole stratigraphy is presented in Fig. 3A .
Drilled in the lower part of the slope (2661 masl), the first borehole (B01/08) is 26.0 m in depth. The top of the ice was found below a 3.4 m thick unfrozen layer, composed of large boulders without matrix. Lower alternating layers of large and small loosely packed boulders and cobbles (Fig. 4) are interpreted as typical talus slope deposits. The ice content was not homogeneous; between 3.4 and 19.5 m in depth, six layers relatively rich in ice were observed (ice content estimated between 10% and 50% on the basis of the nature of the ejected materials -cf. Fig. 5A ). A layer of granules in a massive matrix of sands and silts between 22.5 and 24.0 m in depth is interpreted as till. Bedrock was reached at a depth of 24.0 m.
Borehole B02/08 was drilled in the middle of the slope (2689 masl) and is 21.0 m deep. Below a 4.5 m thick unfrozen layer, composed of boulders without matrix, 13.5 m of ice-rock mixture was present (Fig. 4) . This section was composed of alternating layers of small boulders and cobbles, loosely packed, with at least four layers relatively rich in ice (ice content estimated about 20%). The bedrock was located at a depth of 18.0 m.
In borehole B03/08 (15.2 m deep), which was drilled in the upper part of the talus slope at an altitude of 2741 masl, the sediments were not frozen (Fig. 4) . Below a 2.9 m thick surface layer, composed of boulders and cobbles without matrix, a 5.5 m thick less porous layer was found. This layer was composed of clast-supported small boulders and cobbles, with a compacted matrix of granules and sands. A layer of porous sediments, composed of boulders and cobbles in a loose matrix, was reached between 7.5 and 15.2 m in depth. Bedrock was not reached.
Petit Mont Rouge talus slope
In the Petit Mont Rouge talus slope, three boreholes were drilled in August 2009 along an upslope-downslope profile in the northern part of the talus (Figs. 1C and 2B ). The stratigraphy of the boreholes is presented in Fig. 6A .
The lowest borehole (B01/09) was drilled on the protalus rampart (2608 masl) and is 26.0 m in depth. Unfrozen sediments, with boulders and cobbles without matrix, compose the first 4.0 m. The top of the frozen sediments was reached at a depth of 4.0 m. Between 4.0 m and 18.0 m, a relatively homogeneous layer is composed of cobbles and pebbles in a massive matrix of granules and sands and without indices of stratification. The pores were filled with ice. Below the base of the frozen sediments, which was reached at a depth of 18.0 m, a very porous layer was present, composed of cobbles and pebbles without matrix.
Borehole B02/09 was drilled in the middle of the slope (2635 masl) and is 23.0 m deep. Because of the instability of the borehole walls, fallen materials filled the last 3 m of the borehole. In consequence, the depth reached by the PVC access tube was only 20.5 m. Below a 3.0 m thick surface layer, composed of small boulders and cobbles in a pebbly matrix, 14.0 m of cobbles and pebbles in a compacted matrix of granules and sands without indices of stratification were observed, with pore ice between 8.0 and 15.5 m in depth. Below 17.0 m in depth, the talus slope deposits were more porous, with cobbles and pebbles without matrix.
No ice was encountered in the 15.0 m deep borehole drilled in the upper part of the talus slope (2659 masl). Below a surface layer of boulders and cobbles, a 3.0 m thick layer composed of compacted pebbles, granules and sands was found (Fig. 5B) . The layer between 3.0 and 15.0 m in depth was less porous and was composed of very humid compacted granules and sands, without indices of stratification. In the three boreholes, the bedrock was not reached.
Borehole temperature 4.2.1. Les Attelas talus slope
The thermal profiles presented in Fig. 3B correspond to the hydrological year 2008/2009: the difference in the temperature regime between the three boreholes is evident. Mean annual ground temperatures measured in the lowest boreholes (B01/08 and B02/08) were permanently negative below a seasonally frozen layer, indicating the presence of permafrost and showing that the permafrost base was not reached. The borehole situated in the upper part of the slope (B03/08) showed positive mean annual ground temperatures at all depths, indicating the absence of permafrost. The active layer thickness could be defined thanks to the annual maximal values (B01/08 max. and B02/08 max. curves in Fig. 3B ), and corresponds to 3.8 m and 5.0 m, respectively. Mean annual minimum temperatures (−1.1°C) were situated at a depth of 5.0 m for B01/08. B02/08 was slightly warmer than B01/08, with a mean annual minimum temperature of about −0.5°C between 10.0 and 20.0 m depth, whereas the temperatures recorded in B03/08 were widely positive, with a mean annual minimum temperature of +1.0°C at a depth of 10.0 m.
Petit Mont Rouge talus slope
At the Petit Mont Rouge talus slope, temperatures only for the period between 22 and 29 October 2009 are available. The thermal contrast between the upper and lower parts of the slope is very strong (Fig. 6B) . The two lowest boreholes (B01/09 and B02/09) show negative values below a depth of 5.0 and 10.0 m, respectively. It is 
. Les Attelas talus slope
Eight ERT profiles were performed on the Les Attelas talus slope in summer 2009 (Fig. 2A) . Three profiles (Att-1, Att-2 and Att-11) were measured on an upslope-downslope transect, between the ski run at the foot of the slope and the upper part of the talus slope, above the solifluction lobes. Note that Att-1 and Att11 are aligned along the same profile to cover a longer distance. The transect covered by the profiles Att-1 and Att-11 crosses the three boreholes. Five other horizontal ERT profiles, perpendicular to the slope, cross the upslopedownslope profiles. They cross the whole talus slope and were carried out in the lower half of the slope in order to determine the lateral extension of the prospected structures.
The upslope-downslope profiles (Fig. 7 -for simplicity, the profiles Att-1 and Att-11, that cross it on 24 electrodes, were inverted jointly in the profile Att-11/1) show a difference in resistivities between the lower and upper parts of the talus slope. A 15-20 m thick resistive body with values higher than 15 kΩm (with maximal resistivities higher than 50 kΩm) is present in the lower part of the slope, with resistivities decreasing upslope. According to the stratigraphy and temperatures of the boreholes B01/08 and B02/08 (Fig. 3A) , this resistive body can be interpreted as a permafrost lens. Below this layer, resistivities decrease to 2-10 kΩm, indicating that bedrock or unfrozen sediments were encountered (according to Lambiel (2006) , micaschists of the Verbier area have a resistivity of 5-8.5 kΩm). In the central part of the profile Att-11/1 a 5-10 m thick layer with lower resistivities (b5 kΩm) is superimposed on a resistive body (10-15 kΩm) found at greater depth (Fig. 7) . This second resistive body can be interpreted either as low-resistivity permafrost or as porous sediment. Finally, the uppermost part of the profiles present homogeneous resistivities lower than 5 kΩm indicating the absence of frozen sediments, which corresponds to the stratigraphy and the temperature of the borehole B03/08. The same conclusion can be drawn for the Att-2 profile.
The lowest horizontal profile (Att-3 - Fig. 8 ) presents a body of frozen sediments with resistivities higher than 15 kΩm and a thickness of about 10-15 m between 30 and 76 m of distance. It corresponds to the lower part of the permafrost lens present in the profile Att-2. Under and around it, resistivities lower than 5 kΩm indicate the absence of frozen sediments, as in the lowest part of the profile Att-11/1. The body of frozen sediments becomes larger upslope, at the altitude of the borehole B01/08, as shown in the profile Att-4 (Fig. 8) . The only zone without frozen sediments is present in the first part of the profile, corresponding to the ski run. At the level of the profile Att-2, a small decrease of resistivities (with values ranging between 20 and 35 kΩm) is interpreted as a transition between the permafrost lens at the emplacement of the borehole B01/08 and another permafrost lens at the end of the profiles, which would correspond to the active/inactive rock glacier situated in the southern part of the slope (Fig. 2A) . The same configuration is present in the profile Att-5 (Fig. 8) . The transition zone between the resistive body in the area of the profile Att-11/1 and the active/inactive rock glacier presents resistivities ranging between 15 and 35 kΩm. An important difference is visible in the resistivities measured in the profiles Att-2 (Fig. 7) and Att-5 at the same location. This difference is probably due to the fact that the profile Att-2 was carried out in the transition zone between two more resistive bodies (lateral effect). The 2D ERT data inversion processing supposes that there are no changes in resistivities perpendicular to the profile, which is obviously not the case for the profile Att-2. The inversion process probably considered the two resistive bodies as continuous. The profile Att-6 (Fig. 8) shows decreasing resitivities of the frozen body. Below the borehole B02/08 there is a good correspondence between the resistivities measured in the profiles Att-11/1 and Att-6, whereas a marked difference exists with the values measured in the profile Att-2 (Fig. 7) . The lateral heterogeneity observed on the profile Att-5 is also visible here. Since this feature is consistent through the Att-3 to Att-6 profiles, we suspect the existence of two ice bodies. Finally, the upper profile (Att-7 - Fig. 8 ) presents relatively low resistivities (1 to 10 kΩm) indicating the absence of frozen sediments, which corresponds to the resistivities measured in the profiles Att-11/1 and Att-2 at the same location (Fig. 7) .
Petit Mont Rouge talus slope
In summer 2009, seven ERT profiles were carried out on the Petit Mont Rouge talus slope (Fig. 2B) . Three parallel profiles were performed on an upslope-downslope transect. The profile PMR-1 is situated in the northern part of the slope, and crosses the protalus rampart and the three boreholes, whereas the profiles PMR-2 and PMR-3 are situated, respectively, in the central and in southern parts of the slope. Four other parallel ERT profiles totally or partially cross the upslope-downslope profiles.
The three upslope-downslope profiles (Fig. 9) show a difference in resitivities between the upper and lower sections of the talus slope and between the borders and the central part. The maximal resitivities are higher than 200 kΩm in the protalus rampart (profile PMR-1), lower than 50 kΩm in the central and lower parts of the profile PMR-2 and comprised between 150 and 200 kΩm in the lower part of the profile PMR-3 (Fig. 9) . According to the stratigraphies and the temperatures of the three boreholes (Figs. 6A and 9 ), resitivities higher than 50 kΩm and lower than 20 kΩm correspond respectively to the presence and absence of frozen sediments. For resistivities ranging between 20 and 50 kΩm, it is very difficult to separate unfrozen porous sediments from frozen sediments with temperate ice. As the dolomites and limestones of the Arolla area have a resistivity of about 8 kΩm (Lambiel, 2006) , it is also very difficult to distinguish the bedrock from the unfrozen sediments. According to these considerations, the large resistive body between the borehole B02/09 and the protalus rampart in the profile PMR-1, and the resistive body in the lower part of the profile PMR-3 (between a distance of 92 and 122 m) can be interpreted as a permafrost lens. For the profile PMR-1, the inverted resistivities (Fig. 9) show the presence of two bodies, probably connected, of ice-rich sediments in the lower part of the talus slope (between 54 and 82 m) and in the protalus rampart (between 88 and 116 m). According to the morphology of the protalus rampart (steep and unstable front) and high resistivities, the sediments in the protalus rampart are probably saturated or supersaturated with ice. The resistive body in the profile PMR-2 can either be interpreted as porous sediment, very-low-resistivity permafrost or an artefact due to the lateral effect related to the position of the other resistive bodies north and south of the profile, as can be seen in a consistent way on the profiles PMR-5 and PMR-6.
The four parallel ERT profiles perpendicular to the slope corroborate the geometry of the prospected structures. The profile PMR-4 (Fig. 10) presents a discontinuous body of frozen sediments with resistivities higher than 50 kΩm and a maximal thickness of about 10-15 m up to 118 m of distance. Where the profile crosses the profiles PMR-2 and PMR-3, frozen sediments are probably absent. At the profile PMR-5 (Fig. 10) , resistivities higher than 50 kΩm, indicating the presence of permafrost, are present only in the first part of the profile, between 10 and 52 m of distance. Another high resistivity anomaly is visible between 56 and 66 m of distance. Resistivities between 20 and 50 kΩm indicate the possible presence of permafrost. The upper profile (PMR-6 - Fig. 10 ) presents relatively low resistivities (5 to 20 kΩm), indicating the probable absence of frozen sediments. Finally, the short 24 electrode profile in the lower part of the talus slope (PMR-7 - Fig. 10) confirms the resistivities and the geometry of the permafrost body detected in the lower part of the profile PMR-3.
Discussion
Permafrost distribution
The comparison between the borehole data (observations, stratigraphy and thermal profiles) and the ERT inverted profiles allows the stratigraphy of the talus slopes to be validated, both for the distribution of frozen sediments and for the depth of the detected structures (cf. Figs. 7 to 10 ). For the two study sites, both borehole stratigraphies/temperatures and ERT data present an important contrast in permafrost distribution between the lower and upper parts of the talus slopes. The coldest borehole temperatures and the highest resistivities were measured in the lower part of the slopes, indicating that permafrost is present. In both sites, the resistivities decrease, the borehole temperatures get warmer and the active layer thickness increases upslope, indicating a warming of permafrost and/ or a decrease in ice content. Finally, in the upper part of both talus slopes, borehole temperatures are positive and resistivities are the lowest, indicating the absence of permafrost at depth. The interpretation of ERT inverted profiles based on borehole stratigraphies and temperatures allow the lateral extension of permafrost to be determined. A synthesis of the permafrost distribution in the Les Attelas and Petit Mont Rouge talus slopes is presented in Fig. 11 .
On the basis of all the observations and measurements carried out, it is possible to conclude that, in both sites, permafrost is present in the lower sections of the talus slope, whereas it is absent in the upper parts. The same conclusion was obtained in the Lapires talus slope, situated 1.5 km north of the Les Attelas site and also studied using borehole temperatures and ERT data (Scapozza et al., 2010a) . These results are also in accordance with the pioneer work of Haeberli (1975) and the more recent studies carried out on other alpine periglacial talus slopes (e.g. Lerjen et al., 2003; Lütschg et al., 2004; Delaloye and Lambiel, 2005; Otto and Sass, 2006; Lambiel and Pieracci, 2008; Pieracci et al. 2008; . Unfortunately, because no measurements could be made in the uppermost part of the study sites, it was not possible to determine if permafrost is present in the upper sections of the talus, as was observed by Lambiel and Pieracci (2008) in other sites.
Due to the restricted drilling possibilities, only a few verifications of permafrost distribution models by direct in situ measurements and observations have been carried out in periglacial talus slopes. The data presented by Lütschg et al. (2004) and Phillips et al. (2009) for the Flüela Pass focuses on the lower and upper parts of the slope, but direct data of the transition zone between frozen and unfrozen sediments (generally the middle part of the slope) is not available. Since our data confirms the indirect measurements carried out on many other sites (see references above) by direct verification, the model of permafrost distribution in alpine periglacial talus slopes can be up-scaled to the regional scale. This up-scaling could be of particular interest for permafrost distribution modelling. In fact, the particular behaviour of permafrost distribution in periglacial talus slopes has never been considered in alpine permafrost distribution models, despite several models having been produced for a subregional spatial scale. In all these models, the permafrost probability increases upslope (e.g. Hoelzle et al., 2001; Guglielmin et al., 2003; Riseborough et al., 2008) , which is in contradiction to the data shown here.
Resistivity values are different from one site to another, and for the Petit Mont Rouge talus slope, between the northern and southern parts of the slope. These differences can be due, on the one hand, to the greater porosity of the Petit Mont Rouge talus slope, related to the lithology composed of dolomites and limestones, and favourable to chemical dissolution (kastification), and on the other hand, to a difference in ice content and temperature. Where no creeping landforms are present, maximal resistivities are comprised between 75 and 150 kΩm (ERT profiles Att-1, Att-2, and PMR-3). These values, as with the rectilinear surface topography, indicate that the lower parts of the talus slopes are probably undersaturated or, at the most, saturated in ice. Where a landform of creeping permafrost is present, on the other hand, maximal resistivities are higher than 200 kΩm (for instance on the protalus rampart in the Petit Mont Rouge site), indicating that the lower part of the slope is probably saturated or supersaturated in ice. Nevertheless, the protalus rampart in the Petit Mont Rouge talus slope is probably not completely (super)saturated in ice: the positive temperatures registered at a depth of 10 m in the borehole B01/09 (Fig. 6B ) may indicate the presence of a talik, probably due to intrapermafrost groundwater or air flow (cf. Vonder Mühll, 1992; Phillips et al., 2009 ).
Talus slope structure
The stratigraphy recorded in the boreholes shows that the Les Attelas talus slope is probably stratified, whereas no indices of stratification could be observed in the Petit Mont Rouge talus slope. Indices of stratification for the Les Attelas site are present only in the two lower boreholes (B01/08 and B02/08). Stratified talus slopes are generally due to an alternation of different processes and/or changes in intensity of rockfall generation (e.g. Francou, 1988; van Steijn et al. 2002; Sass and Krautblatter, 2007) , with layers of angular rock fragments embedded in a finer matrix alternating with layers of equally angular material with an openwork structure. For Sass and Krautblatter (2007) , in warm temperate conditions this alternation may correspond to climatic oscillations during the Lateglacial and the Holocene, with an important delivery of coarse debris in cold periods of freeze-thaw activity (e.g. Little Ice Age), and the depletion of finergrained intermediates stores connected with summer rainstorms in warmer periods like today.
The Les Attelas talus slope is not a typical stratified talus slope, but a pseudo-stratified talus slope (Francou and Hétu, 1989) with alternating layers of ice-rich coarse debris and ice-poor finer debris. This pseudo-stratified structure has been also confirmed by borehole geophysics, with natural gamma-ray and induced gamma-gamma and neutron-neutron methods performed in summer 2009 (Scapozza et al., 2010b) . According to Haeberli and Vonder Mühll (1996) , the pseudo-stratification is probably due to an inhomogeneous aggradation of congelation ice over time, which is built in contact with the permafrost table, and to the incorporation of the resulting ice-rich layer at a greater depth by aggradation of the talus slope over time. In Les Attelas, the presence of ice-rich coarse debris may correspond to extended cold phases, when the negative heat balance at the ground surface allowed the aggradation of congelation ice at the base of the active layer in the lower section of the talus slope (French, 1996; Haeberli and Vonder Mühll, 1996) . In transition periods between cold and warm climatic oscillations, a rise in MAAT induces a rise in the position of the "zone of maximal rockfall generation". According to Fig. 11 . Synthesis of the permafrost distribution in the Les Attelas (A) and Petit Mont Rouge (B) talus slopes. Davies et al. (2001) , the stability of a rock wall with ice-filled joints is minimal at a temperature of −0.5°C, with a safety factor that passes below 1 (considered as the limit between stability and instability). Considering that these altitudinal fluctuations of MAAT during the Lateglacial and Holocene climatic oscillations probably corresponded to altitudinal fluctuations of the safety factor, with a greater production of debris when the temperature of the rock wall rose above − 1.0°C. This particular zone with a mean annual rock temperature (MART) of about −0.5°C corresponds to a "zone of maximal rockfall generation".
During periods of high rockfall generation, a part or the whole active layer could be incorporated in the permafrost body, because of increasing thickness of the uppermost layers due to frequent rockfalls, characterised by the deposit of coarse debris at the surface of the talus slopes. In addition, the rockfall activity could incorporate seasonal snow, avalanche deposits or perennial snow banks that could have persisted at the surface of the talus into the permafrost.
The ice-poor debris, on the other hand, may result from warmer phases with lower rockfall activity, when, according to Davies et al. (2001) , certain slopes containing discontinuities may be considered stable because of the disappearance of ice. These warm periods are characterised by an interruption of the aggradation of ice within the lower part of the talus slopes and by a more intense activity of debris flows due to summer rainstorms, which explain the presence of fine sediments at the surface of the talus slope. The presence of fine sediments allowed the development of solifluction lobes, which are currently visible on the Les Attelas talus slope surface.
This kind of stratified structure was also observed in several rock glaciers in the Verbier area , with the development of lenses of massive ice in cold and humid periods such as the Little Ice Age and important debris accumulation in warmer periods. In this model for the generation of continuous strata in talus slopes, contrary to Sass and Krautblatter (2007) , the rockfall inputs are characteristics of the transition periods between two steady states, and not of the cold period. It is possible that, in the periglacial belt, the importance of permafrost degradation in rock walls (more important in transitions towards warm periods) is greater than the intensity of the frost weathering (more important in cold periods), as suggested, for example, by the large number of rockfalls in permafrost areas in the extremely hot and dry summer of 2003 (Gruber et al., 2004; Gruber and Haeberli, 2007; Ravanel et al., 2011) .
At the Petit Mont Rouge talus slope, the absence of indices of stratification may indicate that there is no alternation between different processes, and/or that the change in the intensity of rockfall generation is low. From a palaeoclimatic point of view, the protalus rampart located in the lower part of the slope is submitted to the same thermal, glaciological and rheological conditions as a rock glacier (Barsch, 1996) . Considering that ice within a rock glacier is probably several centuries old and, therefore, predates recent cold periods such as the Little Ice Age (e.g. Haeberli et al., 1999; Scapozza et al., 2010c) , and according to absolute and relative dating of rock glaciers in the European Alps Frauenfelder et al., 2005; Scapozza and Ramelli, 2011) , it is possible to conclude that the development of the protalus rampart started in the early phases of the Holocene or, at the latest, after the early-to-mid Holocene temperature optimum (ending around 5000 years BP). This chronological framework is confirmed by relative-age dating of the protalus rampart surface performed by Schmidt hammer rebound values (C. Scapozza, unpublished data). A minimum surface age of about 4000 years BP is therefore proposed. Considering a small talus aggradation since the development of the protalus rampart, the main volume of the Petit Mont Rouge talus slope may have accumulated during a period of considerably higher rates of debris production between the end of the Lateglacial and the middle of the Holocene. This period of enhanced rockfall activity can be connected to the paraglacial slope adjustment phase following the deglaciation (e.g. Church and Ryder, 1972; Ballantyne, 2002) .
Conclusion
Four main conclusions can be drawn from the observations and measurements at the two study sites:
1. The borehole data (observations, stratigraphy and thermal profiles) allowed the permafrost stratigraphy of the talus slopes obtained from the ERT inverted profiles to be validated, for both the distribution of frozen sediments and the depth of the detected structures. Both boreholes and ERT data show an important contrast in ice content between the lower and upper parts of the talus slopes, with the coldest temperatures and the highest resistivities measured in the lower part of the slopes. 2. In both sites, resistivities decrease, borehole temperatures get warmer and the active layer thickness increases upslope, indicating a warming of permafrost and a decrease in ice content. In the upper part of the two talus slopes, borehole temperatures indicate the absence of permafrost at depth. These data prove the model of the permafrost distribution in talus slopes located within the Alpine periglacial belt developed by Haeberli (1975) and Lambiel and Pieracci (2008) : in the two study sites, permafrost is present in the lower parts of the talus slope, whereas it is absent in the upper parts. 3. The analysis of the talus structure shows that the permafrost stratigraphy may be an important element of interpretation of the palaeoclimatic significance of an alpine talus slope. In the Les Attelas talus slope, there is a probable relationship between the alternation of layers with different ice content and the climatic fluctuations during the end of the Lateglacial and the Holocene. For the Petit Mont Rouge talus slope, the absence of stratification and the presence of an embryonal active talus rock glacier may indicate that the talus slope developed during a period of enhanced rockfall activity, probably connected to the paraglacial slope adjustment phase after the deglaciation. 4. From a methodological point of view, this work also highlighted the importance of collecting crossing ERT profiles to allow discrimination between real subsurface structures and lateral effects. Moreover, the use of a borehole camera allowed for more precise in situ identification of the stratigraphy than using cuttings only.
